Introduction. -The structural properties of amorphous materials, particularly amorphous
The organization of this paper will follow the major experimental N.M.R. techniques that have appeared in the literature. In. light of the space allowed for this article, I will eliminate explicit discussions of experimental techniques and use only heuristic descriptions when necessary. (The reader should refer to the original papers for details). However, in order to provide some framework for understanding the various N.M.R. experiments, consider the various Hamiltonians which describe a nucleus of spin I placed in a large external magnetic field: (') where XYPZ = Zeeman Hamiltonian due to the external static field; 3CPQ = quadrupolar Hamiltonian, which can be present only for I > 1/2 and is due to fluctuating electric fields at the nucleus;
LZ-"iD = homonuclear dipolar Hamiltonian which results from direct dipole-dipole interactions between nuclei;
*ISD = heteronuclear dipolar Hamiltonian which results from direct dipole-dipole interactions between unlike nuclei;
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S V~,~, = chemical shift Hamiltonian and is due to magnetic fields at the nucleus produced primarily by orbital motion of the electrons; 3 ( t ) = fluctuating magnetic fields, either applied by the experimenter or due t o motion of nuclear or electron spins.
For all the experiments performed o n a-Si:H, the Zeeman interaction is by far the largest and all other interactions are treated as perturbations. Furthermore, since experimental work to date has been restricted t o nuclei of spin l / 2 (I = l/2), we may ignore the quadrupolar Hamiltonian (3Ep0) . We shall see that the homonuclear dipolar Hamiltonian 311n, the chcrnical shift Hamiltonian L%?~,~,, and the Hamiltonian due to fluctuating fields 3 ( t ) have yielded the most information in studies of a-Si:H films.
As an additional comment let me address the issue of sensitivity. A room temperature measurcment (with signal averaging) of proton lineshapes with field strengths accessible by using electronlagnets requires a minimum of 1 x 1018 protons, or about 5 x 10-4 cm3 of a 4 atom% hydrogen film. The use of low temperatures and/or superconducting magnets may lower this number to -1017 protons ( 5 x 10-5 cm3 of film).
Most of the measurements reported in the literature however are o n -5 x 10-3 cm3 of material, or about l o p of film on a 2 x 2 cm substrate.
Proton N.M.R. Lineshapcs. -Hydrogen is a particularly useful nucleus in N.M.R. experiments --because it has a high natural abundance of its spin-l/2 isotope a s well a s excellent sensitivity (due chiefly t o its large gyromagnetic ratio). Thus, one of the first N.M.R. investigations of a-Si:H was studying the proton N.M.R. lineshapes.(2) The lineshapes are completely dominated by the interaction,(2-4) that is, dipole-dipole interactions betwecn neighboring protons. This interaction usually results in a Gaussian line which has a full width at half maximum proportional t o the square root of its second -FWHM = 2 . 3 6 /~~, where 1 is the nuclear spin ( 1 / 2 for protons), y is the nuclear gyromagnetic ratio, and ri, is the distance between spins i and j. It is thus seen that the FWHM is proportional to the density of hydrogen nuclei.
The most striking result from the proton N.M.R. spectra is that there are two temperature independent lineshapes superimposed upon one another whose FWHM differ by a factor of -6 (see Figure 1) . Both "hole-burning" and "dipolar-echo" e x p e r i m e n t~( 3 .~) have confirmed the somewhat obvious fact that the two lineshapes are due to spatially isolated dipolar reservoirs: two different "phases" having different hydrogen densities. Several groups have associated these two lineshapes with specific structural features in both glow discharge(2~3.6) and sputtered(6-9) a-Si:H films, as well as glow dischargc produced alloys of a-Si:H with carbon and nitrogen.(lO) These studies all agree that hydrogen associated with both heavily hydrogenated local bonding configurations (such as SiH2, polymeric (SiH2),, etc.) and hydrogenated voids and surfaces may give rise t o the broad component; hydrogen associated with a random distribution of "monohydride" (SiH) groups within the bulk of the film gives rise to the narrow component. An important result(2.3311) for device applications is that glow discharge material produced under conditions which show no structural heterogeneity via S.E.M., T.E.M. or small angle scattering and show only Si-H monohydride vibrational modes have half of the hydrogen associated with voids or surfaces. The effect of this microstructure on optical and electronic properties is just beginning to be addressed theoretically. (12) Figure 1:
Top left shows the experimental data points from a proton N.M.R. lineshape experiment for a glow discharge a-Si:H film. The solid line is a fit to the data using the sum of a broad and narrow component, each of which is shown in the middle and bottom left. The broad component is due to hydrogen associated with SiH, (x > 2), (SiH2),, and SiH on voids and surfaces while the narrow component is due to hydrogen associated with a random distribution of SiH "monohydride" groups. On the right is both the data and deconvolution of a lineshape experiment on the same film as on the left after annealing to 400°C. In this spectrum are visible both the rearrangement of the monohydride protons (narrow component linewidth has greatly decreased) and the evolution of hydrogen (broad component intensity greatly reduced). [From reference 131
Given that the proton lineshapes are probes of film microstructure, there have been several N.M.R. studies on the effects of deposition conditions for both glow discharge(3.11) and sputtered(7) a-Si:H films as well as N.M.R. studies of the effects of annealing(13) on a-Si:H films. The universal presence of the broad and narrow lineshapes has been explained(3) by a model in which hydrogen getters from the lattice during film growth to regions of high strain thereby relieving the strain and forming hydrogenated voids and surfaces. Evidence for this model is found both by N.M.R. studies(3) of high defect a-Si:H films and by vibrational spectroscopy and hydrogen evolution studies(l4) of a-Si-Ge:H alloys. An additional channel for the formation of microstructure at least in glow discharge material has been proposed based upon a.mechanism(lS) for film growth from SiH2 surface insertion reactions. Studies of N.M.R. parameters as deposition conditions are varied in glow discharge materials(3.11) have yielded evidence for surface reactions in which ions produced in the discharge scour the surface of the film and remove pendent (SiH2), groups, thus yielding films which have a high degree of microstructure in the form of SiH monohydride groups on internal surfaces. The influence of dopant gases such as diborane and phosphine on film microstructure is nontrivial as N.M.R. studies(3) have shown that either p-or n-type doping significantly increases the hydrogen content of the films. Of particular importance is the observation(3) of hydrogen associated with amorphous boron-type environments(l0) when heavy diborane doping is used. This dopant clustering may be associated with the large morphological changes seen(l6) by S.E.M. in diborane-doped glow discharges. Finally, N.M.R. studies of structural changes upon annealing(l3) (see Figure 1 ) have shown that prior to evolution hydrogen in the random phase may rearrange concomitant with a large decrease in the ESR spin density. This rearrangement has an activation energy of -0.3 eV, significantly less than the 1.1 eV activation energy observed(l7) for the thermal diffusion of deuterium into a-Si:H. Furthermore, evolution occurs initially only from the heavily clustered phase. These results indicate that proton N.M.R. is a useful probe of microstructure in a-Si:H films over distances greater (or equal to) those determined by vibrational spectroscopy yet less than those routinely observed by electron microscopy.
Proton N.M.R. Relaxation Times. -There are in fact two characteristic time constants associat---ed with the proton N.M.R. experiment. One is the so-called T2 or dephasing processes resulting in the observed linewidths (vide supra). The other is the time constant associated with the return to equilibrium of the proton energy level populations following strong irradiation at energies equal to the proton energy level splittings. This process is called spin-lattice relaxation(5) (characterized with time constant T I ) because unlike T2 processes the TI processes require energy from the lattice. This energy is readily supplied by fluctuating magnetic fields (H(t) in the Introduction) at frequencies at or near the proton energy level splittings. In most insulating solids these fields arise from nuclei which are rapidly moving in the lattice (e.g. spatial diffusion, hopping, rotating etc.) or by rapidly relaxing electrons associated with paramagnetic centers. A puzzling feature of the proton N.M.R. studies of a-Si:H films is that T2 (lineshape) measurements as a function of field and temperature (as well as more sophisticated measurements(2)) show that the protons are rigidly held to the lattice yet T I measurements at room temperatures in most films yield values characteristic of considerable motion. This dilemma was first addressed(4) by a model supported by temperature and field dependence of T I studies on glow discharge a6Si:H films. Since this model was published there have been further T1 studies on both glow discharge(l8) and sputtered(6-9.19) a-Si:H films as well as further theoretical and modeling s t~d i e s . (~o ?~l )
To date there appears to be two different types of mechanisms responsible for spin-lattice relaxation, both being seen for sputtered materials and only one for glow discharge films. This is perhaps most clearly seen in the temperature dependence of TI, as shown in Figure 2 . Sputtered a-Si:H produced under conditions of low H2 partial pressure where the resultant H content of the film is quite low (< 4 atom%) have a power law dependence of T I on temperature(6.8) that is attributed to localized electronic states that act as relaxation centers. In at least one case(6) ( Figure 2 ) these states were found to be the paramagnetic "dangling bonds" and thus were pinpointed as the source of X ( t ) . However it is very interesting, and slightly more controversial, to consider the T I results for glow discharge (and higher H content sputtered) films. In order to explain the minimum in T I at temperatures of -30°K (Figure 2 ) a model was proposed(4) based on the assumption that some small fraction of the hydrogen nuclei are coupled to disorder modes and thus are rapidly moving [and experiencing a large .%?(t)]. These -nuclei "dispense" their rapid TI relaxation to the rest of the protons in the film by T2 processes: mutual spin flips (energy exchange) made possible by the presence of the homonuclear dipolar Hamiltonian (3CPIID). The model is thus analogous to relaxation in solids due to paramagnetic centerd5) where T2 processes carry to remote nuclear spins the information on the lattice temperature dispensed by the electron spins on the paramagnetic centers. In a-Si:H films, however, this model has the role of paramagnetic centers replaced by hydrogen nuclei experiencing rapidly fluctuating magnetic fields due to hopping over the potential barrier separating the equilibrium positions of a disorder mode. Experimental values of hydrogen spin-lattice relaxation times ( T I ) as a function of temperature are shown for both glow discharge (filled circles) and sputtered (open circles, squares, triangles) a-Si:H films. Sputtered samples prepared under very low partial pressure of hydrogen (open squares and triangles) show a power law behavior that is consistent with paramagnetic Si dangling bonds acting as relaxation centers (dashed lines are theoretical fits from this model). The glow discharge data may be equally well fit using models where the relaxation centers are either ortho-H2 molecules trapped within the film or hydrogen containing disorder modes. The solid curve is a theoretical fit from the latter model. [From reference 61
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A natural consequence of the disorder mode model is that the observed relaxation time is, in effect, a product of the concentration of modes with the effectiveness with which the hydrogen in each mode relaxes. Some extensive modeling studies(2O) have shown that in order to explain to observed values of TI (with typical magnitudes for S ( t ) expected from disorder modes in a-Si:H) the concentration of the modes must be large enough to see the hydrogen associated with them directly from their temperature dependent lineshapes. The apparent contradiction arises from the fact that there are no observable temperature dependent lineshapes in a-Si:H films which exhibit clear minima in T1 as a function of temperature. Given the detection limits on the N.M.R. experiments, this places an upper bound of about 1-5% (-0.1 -0.5 atom%) of the hydrogen that can be associated with the disorder modes. This problem has led one group('') to abandon the disorder modes and replace them with dilute H2 molecules trapped within the silicon lattice. The protons in the ortho-H2 molecules (which have total nuclear spin = 1) experience very large fluctuating fields &(t) due to the modulation of their dipole-dipole interaction by the rotational motion of the molecule. An excellent fit to the temperature dependence of T I is obtained when -0.7% of the hydrogen in the sample is in the form of trapped H2. Further temperature dependent studies (conversion of the I= 1 ortho-H2 to 1=0 para-H2) are required to verify this model; however, there has been no evidence in the literature for the presence of trapped H2 in a-Si:H films.
While the exact structural features of the hydrogen-containing relaxation centers await further experiments, there have been some recent spin-lattice relaxation results(3.18) which address some of the structural features as well as the distribution of relaxation centers within the films. These data involve not only temperature dependence of spinlattice relaxation times but also the effects of annealing, deposition conditions, and deuterium dilution. These measurements also exploited a new N.M.R. technique (22) (30) These results were found to be consistent with models in which relaxation occurs by having a small fraction of the hydrogen relaxing very quickly and then dispensing this relaxation to the remaining protons. Combining the observed temperature dependence with the fact that T I was found to be proportional to hydrogen content, it can be concluded that relaxation at the centers (either disorder modes or ortho-H2) limits the overall observed T I ; thus mutual spin-flips via occur rapidly vis-6-vis relaxation at the centers. The proportionality of T I to hydrogen content (found by measuring(l8) T I and T I without &ID in films produced by glow discharge of varying SiH4/D2/H2 mixtures) may be readily explained by both the ortho-H2 relaxation model(2') and the disorder mode model; however, for the latter model to be consistent with these data the number of H atoms associated with each mode must be >, 4. This is precisely what the disorder mode model needs in order to resolve the concentration problem discussed earlier. By having the number of H atoms in the mode be 2 4, the magnitude of &(t) becomes large enough to allow the concentration of disorder modes to slip below detection limits. Finally, the experiments involving suppression of .%? ' I D have shown that protons associated with the narrow component (the random distribution of SiH "monohydride" species) "feel" an -30% higher concentration of relaxation centers than those protons associated with the broad component (hydrogen on surfaces, polymer, etc.). This result is what one would expect for a random distribution of relaxation centers: the narrow component protons experience fluctuating fields due to a three dimensional distribution of relaxation centers whereas protons situated on void surfaces would experience a lower dimensionality distribution of relaxation centers.
Perhaps the most interesting relaxation time studies are those yet to come: ones which involve correlation of optical and/or electronic properties with the presence or absence of different types of centers. The possibility of hydrogen-containing relaxation centers contributing to the gap density of electronic states is exciting and needs to be challenged with further experimental probes.
Chemical Shift Measurements: 1~ and 2 9~. -The chemical shift Hamiltonian (.3f?C.s,) has given --N.M.R. most of its productivity in organic and inorganic chemistry. As a result of the applied external magnetic field, smaller magnetic fields are produced at the nucleus (mainly) due to the orbital motion of the electrons surrounding the nucleus.(23) These fields produce shifts in the resonance position of the nucleus and, in liquids, have been measured with such accuracy that it is possible to deduce changes in local bonding configurations two or three bonds away. Recently, liquid line resolution has become feasible in solids through the use of "magic angle sample spinning" experiments (1) where the residual broadening which obscures these chemical shifts in solids is removed via a combination of pulse techniques and rapid (> 2 kilohertz) rotation of the sample at a particular orientation with respect to the applied external field. These "magic angle" experiments have already provided valuable information on local bonding environments in hydrocarbon polymers,(l) and have just recently been applied to a-Si:H films. O n the outset the goal of these magic angle experiments was to provide a quantitative determination of local silicon-hydrogen bonding environments. These could be used, for example, to quantify oscillator strengths for infrared vibrational modes. Figure 3 summarizes the rather surprising results(25,27) for glow discharge produced a-Si:H films. The results from the N.M.R. spectra of the 4.7% naturally occurring 29Si nuclei (top of Figure 3 ) demonstrate that rapid rotation of the sample a t the magic angle (along with propcr proton irradiation(25)) yields only a factor of -2 improvement in linewidth. This lack of narrowing has becn shown(25) to be due t o large dispersions of the chemical shift of the 2% nuclei. This in turn means there are large variations in the local electronic environment of the 2% nuclei. This lack of narrowing has been seen in sputtered material as ~e 1 1 ; (~6 ) however, one group(24) has reported results for sputtered material in which lincshapes associated with = SiH2 and = SiH groups are resolved. However even in this study considerable broadening was observed.
What characteristic features of the amorphous state are responsible for such large variations in the Iocal electronic environment? A recent theoretical study (28) showed that fluctuations of bond angles (and t o a lesser extent, bond distances) in a continuous ando om network (CRN) result in fluctuations of net atomic charge on silicon of about -0.2 electron volts. These fluctuations have been used t o calculate(26) the corresponding broadening expected for 29Si chemical shifts, and a good agreement between this calculation and the observed (26) broadening. It is thus tempting t o conclude that bond angle variations in a CRN are sufficient t o explain the N.M.R. results. However, additional experiments on other materials would be useful in securing these conclusions. It is worth noting that theoretical studies (29) on the influence of dihedral angle disorder o n the electronic structure of a-Si have concluded that such disorder influences the top of the valence band, hence understanding and measuring such disorder may lead t o preparation of films with better hole properties.
Closing Comments. -A number of interesting new conclusions a s well a s new frontiers have emerged in just over a year since the first publication of N.M.R. studies of a-Si:H films. I hope that this article shows how N.M.R. parameters are strongly affected by the geometrical and electronic properties of a-Si:H films. There is a great deal of work t o be done in order t o fully understand just the current results. Proton N.M.R. lineshapes in a-Si:H films prepared by alternative methods (such as CVD, post-hydrogenated evaporated a-Si, H-ion implantation of c-Si and a-Si) as well as other hydrogenated films (a-Ge:H, a-Se:H, a-P:H, a-C:H, etc.) should lead to a more general understanding of the chemistry and physics of hydrogen in solids, and the dynamics of defect chemistry occurring during the growth of films. Similar studies of proton spin-lattice relaxation times in these other films should resolvc issues of hydrogen containing defect sites, and, once resolved, address issues of correlations with electronic and/or optical properties. Being slightly more speculative, combined 0pticaVN.M.R. T I and T2 studies may provide interesting structural details on light-induced E.S.R. and Stabler-Wronski effects. Finally, it is worth noting that once sensitivity problems are resolved, there is n o reason why N.M.R. studies of impurity or dopant atoms (31P, I l B , 3 3~s . etc.) cannot reveal structural information and the local bonding environments of these atoms. Indeed, the wealth of N.M.R. techniques currently being utilized and developed for the study of solids should prove t o be a valuable tool for understanding the chemistry and physics of amorphous thin films.
